We report on efficient free-space read-out of whispering-gallery mode microlasers using circular micromirrors. A ten-fold improvement in detection efficiency can be achieved by directing emission from all azimuthal angles of the cavity to the detector. Whispering-gallery mode (WGM) resonators have been demonstrated as compact and highly sensitive label-free detectors [1] . Fabrication with scalable semiconductor processes enables low-cost production of large resonator arrays on a single chip. Due to these reasons WGM resonators lend themselves to low-cost chip-based sensing platforms, so called Lab-on-a-Chip (LoC) systems. However, only few of the concepts presented to date have actually been utilized outside a controlled laboratory environment. One significant restriction that is limiting practical usability is optical probing and read-out of the resonators. A commonly used method for addressing the cavity is evanescent field coupling, e.g., using an adiabatically tapered fiber. Fragility of the fiber taper and the need for subwavelength coupling gaps complicate practical application. As an alternative, a gain medium can be integrated into the WGM cavity to enable operation the device as an on-chip laser. Optical pumping of the laser can be accomplished via free-space optics with significantly reduced alignment accuracy. For spectral analysis of the radiated laser light, the emission can be collected from top or from one side of the resonator via free-space optics. However, emission from WGM microlasers occurs omnidirectional in the azimuthal plane and is confined to a small opening angle in vertical direction [2] . As a consequence, only a small fraction of the emitted radiation can be captured and hence detection efficiency of both techniques is limited. This is in contrast to the requirement of accurate tracking of the distinct lasing peaks, which requires high signal-to-noise ratio and hence high collection efficiency.
Whispering-gallery mode (WGM) resonators have been demonstrated as compact and highly sensitive label-free detectors [1] . Fabrication with scalable semiconductor processes enables low-cost production of large resonator arrays on a single chip. Due to these reasons WGM resonators lend themselves to low-cost chip-based sensing platforms, so called Lab-on-a-Chip (LoC) systems. However, only few of the concepts presented to date have actually been utilized outside a controlled laboratory environment. One significant restriction that is limiting practical usability is optical probing and read-out of the resonators. A commonly used method for addressing the cavity is evanescent field coupling, e.g., using an adiabatically tapered fiber. Fragility of the fiber taper and the need for subwavelength coupling gaps complicate practical application. As an alternative, a gain medium can be integrated into the WGM cavity to enable operation the device as an on-chip laser. Optical pumping of the laser can be accomplished via free-space optics with significantly reduced alignment accuracy. For spectral analysis of the radiated laser light, the emission can be collected from top or from one side of the resonator via free-space optics. However, emission from WGM microlasers occurs omnidirectional in the azimuthal plane and is confined to a small opening angle in vertical direction [2] . As a consequence, only a small fraction of the emitted radiation can be captured and hence detection efficiency of both techniques is limited. This is in contrast to the requirement of accurate tracking of the distinct lasing peaks, which requires high signal-to-noise ratio and hence high collection efficiency.
Here, we demonstrate a novel read-out scheme that enables a ten-fold improvement in read-out efficiency. The scheme uses a circular micromirror surrounding the WGM cavity to collect emission from all azimuthal angles. The reflective surface of the micromirror is angled at 45° to reflect horizontally emitted laser light to the surface-normal direction of the substrate, where it can be analyzed with a single off-chip detector. 
Device concept and fabrication
A schematic of the free-space read-out scheme is depicted in Fig. 1a) . Micromirrors with an angled reflective surface are replicated as arrays from Cyclic Olefin Copolymer (COC) foils by thermal nanoimprinting (Fig. 1 b) . The reflectivity of the mirrors is increased by coating the devices with a thin aluminum layer. WGM lasers based on microgoblet cavities are fabricated from poly(methyl methacrylate) (PMMA) doped with a laser dye by the following fabrication method [3] : PMMA is spin coated onto a silicon substrate and disks are structured into the film by electron beam lithography. The silicon along the outline of the PMMA disks is selectively etched using xenon difluoride (XeF 2 ) gas. To raise the mode-guiding rim of the cavities further above the silicon surface, resonators are elevated onto double pedestals (Fig. 1 c) . A second aligned lithography step followed by XeF 2 etching is used to raise the resonator rim about 80 µm above the substrate surface. Fabrication-induced defects along the PMMA disk periphery are annealed by heating the resonators above the glass-transition temperature of the PMMA. This heating step additionally transfers the flat resonator disks into microgoblets. The mode field distribution and emission profile radiated from the microgoblet cavity are depicted in the inset of Fig. 1c) . Emission mainly occurs in azimuthal plane with a 1/e² opening angle of 45°, which is fully captured by the circular micromirror. The microgoblet and micromirror samples are eventually joined and bonded using UV-curable adhesive. Optical characterization A pulsed laser emitting at 523 nm is loosely focused onto the cavity from the top of the sample to pump the microgoblet lasers. Horizontally emitted light from the cavity reflects vertically off the angled surface of the circular micromirror. It is then collected with the same optics used for pumping and analyzed with a spectrometer. The position of the spectrometer's entrance slit is highlighted in Fig. 2a ). Figure 2b) shows a spatially resolved spectrum recorded diagonally across one microgoblet and micromirror. Across the imaged area four distinct horizontal lines can be seen with intensity peaks at the lasing wavelengths. The spectrum in the center of the entrance slit represent radiation from the microgoblet resonator, which is emitted vertical to the substrate. This spectrum shows a significant intensity contribution from the dye's fluorescence, which is spectrally spread over the whole recorded range. Fluorescence is emitted omnidirectional and a significant amount is therefore recorded from the top. The spectra at the upper and lower end of the entrance slit represent reflections off the micromirror. In both lines, the fluorescence background superimposing the lasing peaks is significantly reduced due to divergence of the fluorescence emission. To analyze the influence of the micromirror on the detection efficiency, we recorded emission spectra of the microgoblet lasers with and without the micromirror (see Fig. 2c ). When recording the emission from the microgoblet only, a strong fluorescence signal superimposes the lasing peaks. By simultaneously collecting light from resonator and micromirror, the laser peak intensity can be improved by a factor of up to 9.7 (λ = 623.78 nm) while fluorescence intensity only increases by a factor of 1.5. Blocking all upward emission from the microgoblet and recording only the reflections off the micromirror leads to a decrease in fluorescence background by a factor of 3, while laser peak intensity only decreases by a factor of 1.25. The signal-to-noise ratio hence improves from 4.6 dB when recording emission from the plain microgoblet, to 15 dB when recording reflections off the micromirror only. Summary Easy optical probing and read-out of WGM microlasers can be achieved via free-space optics, but detection efficiency is limited due to omnidirectional emission from WGM cavities in azimuthal plane. We demonstrated a tenfold improvement of read-out efficiency by using a novel readout scheme that uses an angled circular micromirror placed around the cavity to direct horizontally emitted light vertical to the substrate. By recording only the reflections from the micromirror, the signal-to-noise ratio could be increased from 4.6 dB to 15 dB.
